A B S T R A C T Because mucin glycoproteins may be important in the pathophysiology of gallstones, we studied the relationship among biliary lipids, gallbladder mucin secretion, and gallstone formation in cholesterol-fed prairie dogs. Organ 
INTRODUCTION
The formation ofcholesterol gallstones requires at least three sequential physicochemical steps: hepatic secretion of cholesterol-supersaturated bile; nucleation and precipitation of excess cholesterol from biliary micelles; and retention, agglomeration, and eventual growth of cholesterol monohydrate crystals into macroscopic stones (1) . Supersaturation of hepatic and gallbladder bile has been well documented in gallstone patients (2, 3) , as well as in obese subjects (4), patients with interrupted enterohepatic cycling of bile salts (5) , and normal individuals, especially during fasting (2, 3, 6) . Supersaturated gallbladder bile, however, does not necessarily result in the formation of cholesterol crystals or gallstones (2, 3) . Previous studies (7) (8) (9) (10) emphasized the importance of choles-terol monohydrate crystals in bile as a means of distinguishing lithogenic from nonlithogenic biles. Recently, Holan et al. (11) demonstrated that supersaturated bile from gallstone patients differs from supersaturated bile from patients without stones in its ability to nucleate micellar cholesterol. In addition, Sedaghat and Grundy (12) have confirmed both ofthese observations by observing that cholesterol monohydrate crystals in the bile or the ability of bile to grow cholesterol crystals was invariably associated with cholesterol gallstones. An obvious corollary of these studies i-s that either a nucleating factor is present in lithogenic bile or substances which inhibit nucleation are present in supersaturated bile from normal individuals. If a "nucleation factor" is present, it most likely arises from the gallbladder itself since cholesterol gallstones are common in the gallbladder, rare in the bile ducts, and occur infrequently after cholecystectomy even though hepatic bile may remain supersaturated (13, 14) .
That gallbladder mucus may be ofcrucial importance in the pathogenesis of gallstones, particularly as a nucleating agent, was first emphasized by Womack et al. (15) and Hult6n (16) . Womack later noted (17) that gallbladder mucus hypersecretion preceded gallstone development in hamsters fed a lithogenic diet. After also observing that cholesterol crystals first formed in aggregates of mucus rather than in the liquid phase of gallbladder bile, he hypothesized that a prosthesis of mucus was essential for the development of cholesterol gallstones. That mucus may also be important in the pathophysiology of other types of gallstones has also been suggested. For example, Freston et al. (18) found increased biliary hexosamine owing to elevated glycoprotein concentrations in gallbladders of rabbits fed 5a-cholestanol before the appearance of glycoallodeoxycholate stones (19) . Similarly, Englert et al. (20) noted increased mucus secretion during diet-induced pigment gallstones in the dog. Further studies by Bouchier et al. (21) and Lee et al. (22) demonstrated that gallbladder bile from patients with gallstones contained more glycoproteins and was more viscous than normal owing to its greater concentration of mucus. Although the role of cholesterol-supersaturated bile in the pathophysiology of cholesterol gallstones is well established, the interrelationships between mucus synthesis and secretion and the lipid composition of bile has not been studied in detail.
To study these relationships, we chose the cholesterol-fed prairie dog, an excellent model of cholesterol gallstone formation (23) (24) (25) (26) . We quantified the relationship between gallbladder mucus synthesis and secretion and the formation of cholesterol gallstones using an organ culture technique. By measuring the incorporation of [3H] glucosamine into gallbladder glycoproteins during the development and nucleation of supersaturated bile, we found a marked increase in mucus synthesis and secretion with increasing relative cholesterol content of bile. Cholesterol crystals and their growth into gallstones took place predominantly in a mucus gel which was adherent to the gallbladder wall.
METHODS
Cholesterol (USP grade, Sigma Chemical Co., St. Louis, Mo.) was twice recrystallized from hot 95% ethanol and stored under nitrogen. This material, migrated as a single spot by thin-layer chromatography, had a melting point of 149-150°C and was at least 99% pure by gas-liquid chromatography. Sodium taurocholate (Calbiochem-Behring Corp., San Diego, Calif.) was recrystallized from ether and aqueous ethanol and migrated as a single peak on thin-layer chromatography and a single peak by high performance liquid chromatography. Lecithin (egg yolk, grade A, Lipid Products, Surrey, England) was 99% pure by thin-layer chromatography in several solvent systems (2, 27) After 4, 10, and 24 h of ipcubation, the incorporation of radioisotope into tissue and secreted (medium) glycoproteins was measured after trichloroacetic acid precipitation, as described by LaMont and Ventola (29) . Endogeneous concentration of glucosamine of gallbladder explants from control and cholesterol-fed animals wa5 determined using the method of Forsdyke (30) as modified by Alpers and Philpott (31) . Histological examination of explants incubated for 24 h (courtesy of J. S. Trier) revealed excellent morphologic preservation.
Paper chromatography. To determine the chemical identity of incorporated radioactivity, radiolabeled tissue and secreted glycoproteins from gallbladder organ culture experiments (24-h incubations) were precipitated as described above. These precipitates were then acid hydrolyzed and the products subjected to paper chromatography (29) . Greater than 95% of the radiolabeled hydrolytic products comigrated with authentic glucosamine or galactosamine. Sepharose 4B chromatography. 2 ml of organ culture medium containing radiolabeled glycoproteins was exhaustively dialyzed against distilled water at 4°C for 72 h and loaded on a 10 x 1.6-cm column of Sepharose 4B equilibrated with 10 mM sodium phosphate buffer, pH 7.4. The column was eluted with the same buffer at a rate of 16 ml/h. Radioactivity was monitored in each 1-ml fraction by counting an aliquot in 10 ml of Redisolv-HP. The elution of radiolabeled glycoproteins was compared with the elution of the following standards: blue dextran (2,000,000 mol wt) ovalbumin (45,000 mol wt) and vitamin B12 (1,557 mol wt). Uronic acid analysis on the void volume peak was performed colorimetrically (32 Nucleation experiments. Gallbladder epithelial mucin was prepared from human gallbladder specimens obtained at operation from patients undergoing cholecystectomy for cholelithiasis. Gallbladder mucosal strips, -2 x 2 cm, were rinsed free of blood and debris in iced saline, then scraped with the edge of a glass microscope slide to remove the mucosa. The mucosal scrapings were then suspended in 10 vol of 10 mM Tris buffer, pH 8.0, and homogenized in a Waring blender at high speed for 30 s. The homogenate was centrifuged at 100,000 g for 60 min, and the supernate lyophilized. Before gel filtration, the lyophilized supernate was resuspended in Tris buffer and loaded onto a 100 x 2.4-cm column of Sepharose 4B. The column was eluted with Tris buffer at a rate of 20 ml/h, and the void volume fractions containing high molecular weight mucin were pooled, dialyzed, and lyophilized. The lyophilized mucin was added to hepatic bile obtained from prairie dogs fed cholesterol for 14 d, to give a final mucin concentration of 20 mg/ml. At this concentration the mucin formed a translucent gel similar to that observed in the gallbladder after 5 d or more of cholesterol feeding. The bile and mucin were thoroughly mixed in the well of a microscope slide and observed by polarizing microscopy at 37°C for crystal as described above. Control slides contained mucin alone, suspended in saline; the same bile mixed with bovine serum albumin at 20 mg/ml final concentration; or the same bile without any additions. The samples were observed hourly for the first 6 h and every 6 h thereafter up to 24 h. This experiment was performed on three separate specimens of gallbladder mucin.
Lipid analysis. Biliary phospholipids were measured as inorganic phosphorus by the method of Bartlett (34) . Cholesterol was determined with Carr and Drekter's (35) modification of the original method of Abell et al. (36) . Total bile salt concentration was measured enzymatically by the 3-a hydroxysteroid dehydrogenase method of Talalay (37) as modified by Admirand and Small (38) . Biliary sterols were extracted with hexane from samples of gallbladder bile (0.1 ml bile in 0.1 ml hexane) and gallstones (1.0 mg crushed stone powder in 1.0 ml hexane) as well as from control and lithogenic diet (10 g chow in 0.5 ml hexane). These mixtures were shaken vigorously at room temperature for 10 min, and the hexane phase was analyzed for cholesterol and other sterols by gas-liquid chromatography by the method of Miettinen et al. (39) . Cholesterol and 5a-cholestanol were used as external standards. We analyzed the bile acids of gallbladder samples from control and cholesterol-fed animals using high performance liquid chromatography (Altex model 11OA, Beckman Instruments, Inc.). The mobile phase was 75% methanol in aqueous 0.005 M KH2PO4 at pH 5.0 at a pressure of 3,000 psi through a reversed-phase octadecylsilane column. The detector system was a variable wavelength UV-monitor set at 210 nm, recorded on an Altex C-RIA integrator-recorder. We plotted the relative lipid compositions on triangular coordinates using phase boundary limits for different total lipid concentrations generated by Carey and Small (2) . Saturation indices of hepatic and gallbladder bile samples were calculated individually from the critical tables of Carey (40), which corrects the saturation index of each bile sample for its own total lipid concentration.
Preparation of artificial mixed micelles. Mixed micellar solutions containing sodium taurocholate, cholesterol (1, 3, 5, or 7 mol/100 mol), and lecithin were prepared by coprecipitation from methanol or ethanol as described (2) . The relative and total lipid concentrations were adjusted to approximate those of prairie dog gallbladder bile (total lipid concentration 10 g/dl; molar bile salt to lecithin ratio, 8.5: 1.5). The lipids were lyophilized and reconstituted to the desired total lipid concentration by addition of organ culture medium. Preparation of lithogenic diet. Recrystallized cholesterol was dissolved in absolute ethanol, thoroughly mixed with Purina chow pellets (Ralston Purina) at a final concentration of 1.2% cholesterol by weight, then dried. To prevent auto-oxidation of cholesterol in chow during storage, we prepared fresh chow every 4 d.
Statistical method. Control and experimental data were compared using Student's two-tailed unpaired t test.
Experimental design
Induction of cholesterol gallstones. Prairie dogs were fed a 1.2% cholesterol diet and sacrificed for study at 3, 5, 7, and 1714 S. P. Lee from both control (n = 12) and cholesterol-fed animals (n = 31) was, without exception, grossly and microscopically clear. Gallbladder bile from control animals was always clear, without gross or microscopic evidence of mucus gel, liquid crystals, cholesterol monohydrate crystals, or stones; and gallbladder mucosa was smooth and glistening. The gallbladder bile after 3 d of feeding the lithogenic diet (n = 6) was indistinguishable grossly and microscopically from control bile. At 5 d of feeding (n = 8), the gallbladder bile was grossly turbid. Microscopy showed this turbidity to be due to mucus threads, cholesterol monohydrate crystals, and, in many cases, liquid crystals, but not to stones. Gross examination of the gallbladder wall at 5 d revealed a layer of adherent mucus gel in which numerous cholesterol monohydrate crystals were embedded. By 8 d of cholesterol feeding (n = 6), the turbidity of gallbladder bile was more pronounced, with a thicker layer of mucus and more cholesterol crystals. At day 14 (n = 11), the gallbladders were somewhat shrunken and in 5 of 11 animals, no liquid bile could be aspirated through an 18-gauge needle. When opened, these gallbladders revealed a very thick mucus gel that contained numerous 1-2-mm yellowish cholesterol gallstones. Polarizing microscopy revealed the presence of mucus gel, numerous cholesterol crystals, and gallstones. In two animals, the stones had migrated into the cystic duct, but no animal had stones in the common duct.
Histologic sections of the gallbladder wall from cholesterol-fed animals when compared with controls showed no evidence of inflammation of the gallbladder during cholesterol feeding. Aerobic and anaerobic cultures of 14-d gallbladder bile (n = 6) were sterile.
Effect of glucosamine concentration on glycoprotein synthesis. The rate of [3H]glucosamine incorporation into gallbladder epithelial glycoproteins is dependent in part upon substrate (glucosamine) concentration in the organ culture medium. We therefore performed a dose-response study comparing [3H]glucosamine incorporation with total glucosamine concentration in gallbladders from controls and animals fed cholesterol for 8 d (Fig. 1) . The dose-response relationship in both control and cholesterol-fed animals was described by sigmoid curves, with the halfmaximal glucosamine concentration at -1 mM in both. Glucosamine concentrations >5 mM were mildly toxic to gallbladder explants, as evidenced by pyknotic nuclei and karyolysis on light microscopy. Higher concentrations of glucosamine have been shown to inhibit protein, RNA, and DNA biosynthesis in normal and neoplastic tissues (41) . We therefore performed all incubations at 1 mM glucosamine concentration to avoid toxicity.
Influence of incubation time on gallbladder glyco- Influence of lithogenic diet on endogenous glucosamine pool size. To test whether the dramatic increases in glycoprotein production were artifacts of a change in endogenous glucosamine concentration induced by cholesterol feeding, we estimated the pool size of glucosamine in gallbladder explants from control and cholesterol-fed (5-d lithogenic diet) animals. In Fig. 3 8+1i4.5x (r-=0.92) a shed membrane glycoprotein, we performed gel chromatography (Sepharose 4B) of dialyzed organ culture medium after 24 h incubation with gallbladder explants from control and cholesterol-fed animals. Approximately 85% of macromolecular radioactivity eluted in the void volume, which indicates a glycoprotein with an approximate molecular weight of at least 1 x 106. A smaller radiolabeled glycoprotein comprising l15% of the total radioactivity eluted in the included volume near the peak fraction of ovalbumin (45,000 mol wt). The elution patterns from Sepharose 4B of secreted glycoproteins from the gallbladders of cholesterol-fed animals were essentially the same as that seen in control animals. Intestinal (43) and colonic (44) mucins have previously been shown to elute in the void volume of Sepharose 4B. Uronic acid as determined colorimetrically was not present in these peak fractions, which indicates the absence of radiolabeled glycosaminoglycans, which would also be expected to elute in the void volume of this column.
Relative lipid compositions, identification of insoluble phases, and lithogenic indices of hepatic and gallbladder biles. In Fig. 4 we plot on triangular coordinates the relative lipid compositions of homogenized hepatic and gallbladder biles. In addition, we plot the micellar phase boundaries (cholesterol-solubility limits) which correspond to the upper and lower total lipid concentrations in each set of biles (2, 40) . As expected, a progressive increase in the relative cholesterol concentration of hepatic and gallbladder biles occurred with cholesterol feeding. Both hepatic and gallbladder bile reached saturation on the 5th d, and were distinctly supersaturated by 8 and 14 d. As in other experimental models and in man, when bile becomes more enriched in cholesterol, the phospholipid to bile salt ratio also increases (45) . In Fig. 5 we plot the mean relative lipid compositions of hepatic and gallbladder bile shown in Fig. 4 . The micellar phase boundary in the figure is drawn according to the mean total lipid concentration in each set of biles. This clearly shows the progressive shift upward and to the right in relative biliary lipid compositions. This shift corresponds to an increase in cholesterol content, a relative decrease in total bile salt content, and a relative increase in phospholipid content. As indicated in Fig. 5 , hepatic biles were always a one-phase micellar system, whereas gallbladder bile at 5, 8, and 14 d consisted of more than one phase, namely micellar bile, and liquid and solid cholesterol crystals. To determine the relative lipid concentration ofthe micellar phases isolated from these samples, we prepared and analyzed separated bile as described in Methods.
In Fig. 6 we compare the saturation indices of homogenized and separated bile. Hepatic bile from control and experimental animals was always a onephase system, and, therefore, the saturation indices of both homogenized and separated bile are similar. Similarly, gallbladder bile on day 5 showed similar saturation indices in homogenized and centrifuged samples. In contrast, 8-d homogenized gallbladder bile was apparently far more saturated than separated gallbladder bile. This difference can be attributed to the inclusion of liquid and solid crystals of cholesterol in homogenized bile and to their removal in centrifuged bile. In addition, the plot reveals that centrifuged gallbladder bile remained just saturated at 5 and 8 d, whereas the saturation indices of hepatic bile increased between these two time points. PERCENT BILE SALTS FIGURE 4 Triangular PERCENT BILE SALTS FIGURE 5 Triangular coordinate plots of the mean relative lipid compositions and number of phases present in hepatic and gallbladder biles of control and lithogenic diet-fed animals. The phase boundaries are drawn according to the mean total lipid concentrations in both hepatic and gallbladder biles.
A HOMOGENIZED BILE 1-1.3) , and taurolithocholate (0.2-1.0) were present in much smaller concentrations. The onlv difference we observed in gallbladder bile during cholesterol feeding was a marked decrease in the concentration of secondary bile salts, taurodeoxycholate, and taurolithocholate at 14 d. We did not observe any unusual bile salts which might cause mucus hypersecretion.
To verify that cholesterol without appreciable quantities of cholesterol oxidation products (46, 47) was being fed to our animals, we analyzed by gas-liquid chromatography the regular and cholesterol-treated chow, as well as gallbladder bile and gallstones of cholesterol-fed animals. The control prairie dog chow contained only a trace (0.8%) of cholesterol. The lithogenic diet contained a major cholesterol peak, but no significant cholesterol oxidation products. Cholesterol constituted 94.7% of the sterols in gallbladder bile (5 d of cholesterol feeding) and 90.4% of the sterols extracted from gallstones. To summarize, qualitative lipid analysis of bile revealed no major changes in the types of bile acids, and no evidence for any unusual sterols.
Effect of u,ithdratval of lithogetnic diet on gallbladder glycoproteitn sytnthesis. To determine whether the increased glycoprotein synthesis wouild returni to normal after cholesterol feeding was terminated, we fed prairie dogs the lithogenic diet for 5 (Fig. 3) . Taken together, these observations make it extremely unlikely that the increased gallbladder glycoprotein synthesis and secretion in the cholesterol-fed animals is attributable to a change in membrane transport or intracellular pool size of glucosamine. The stimulatory effect of cholesterol feeding on mucin secretion appears to be specific to the gallbladder epithelium. Stomach and colon explants from 5-d cholesterol-fed animals did not manifest an increase in mucin synthesis or release in organ culture, although both of these organs would be directly exposed to the increased dietary cholesterol. Similarly, cholesterol feeding did not cause an increase in synthesis of membrane glycoproteins in gallbladder explants from cholesterol-fed animals, as indicated by the incorporation of [3H]mannose. It remains possible, however, that other cellular functions in the gallbladder mucosa not measured in our study might also (Fig. 2) In previous studies ofcholesterol gallstone formation in prairie dogs (23) (24) (25) (26) , dried egg yolk was the source of dietary cholesterol. It is recognized that exposure of dried cholesterol to air may result in the rapid formation of toxic autooxidative products (54) . This possibility seems unlikely in the current study since we were unable to demonstrate significantly sterols other than cholesterol in hexane extracts of the lithogenic diet, gallbladder bile, or cholesterol gallstones ofcholesterolfed animals. Although our gas-liquid chromatography studies suggested that cholesterol was the predominant sterol in gallbladder bile, our studies have not entirely excluded a minor oxidation product of cholesterol which might be more biologically active than cholesterol itself (53) .
Our relative lipid compositions were in agreement with those reported by previous authors in prairie dogs (23, 25, 26) . In agreement with Holzbach et al. (26, 55) , we frequently observed the presence of cholesterollecithin liquid crystals in 5-and 8-d supersaturated gallbladder biles, as we did during the in vitro nucleation studies with purified mucin gel and supersaturated hepatic bile (Fig. 7) . We did not, however, specifically study the time-course of the Gallbladder Mucus and Gallstone Formation 1721 transition to solid cholesterol crystals in the in vivo studies of the present w'ork. In our high-performanceliquid-chromatography analysis of bile we did not, however, find a major qualitative or quantitative change in the major primary bile acids, taurocholate and taurochenodeoxycholate, as has been reported after more prolonged (3-6 mo) feeding (23) , and which may in fact be a reflection of cholesterol ester-induced hepatotoxicity (26) . Supersaturated hepatic bile in our cholesterol-fed prairie dogs was always microscopically clear; that is, it consisted of a single micellar phase. Gallbladder bile, which on average is three times more concentrated than hepatic bile, should have an increased capacity to hold cholesterol for similar relative lipid composition (2) . We nevertheless observed (Fig. 5) that gallbladder bile at 8 and 14 d of cholesterol feeding consisted of several phases-a clear micellar phase and a solid phase consisting of liquid crystals, solid cholesterol crystals, and stones. Furthermore, centrifuged gallbladder bile at 8 d was just saturated, whereas simultaneously collected hepatic bile was supersaturated. This suggests that a nucleating agent or factor in gallbladder, but not in hepatic, bile was a continuing stimulus to convert supersaturated micellar cholesterol into cholesterol precipitates. The cholesterol saturation index of homogenized gallbladder bile (containing both liquid and solid phases) was high at 8 d (Fig. 6) , in contrast to separated bile, which fell just on the line of saturation. The difference between these two values reflects, in part, the relative amount of cholesterol nucleated in the gallbladder. The subsequent increase in the saturation of gallbladder bile at day 14 suggests that once nucleation of cholesterol occurred at 8 d, gallbladder bile could become supersaturated.
The results of our nucleation experiments (Fig. 7 ) suggest that mucin gel was capable of nucleating saturated hepatic bile, in contrast to soluble protein (bovine serum albumin), which did not undergo gelation at the concentration used. In addition, we have recently demonstrated that pharmacologic inhibition of mucus secretion prevented gallstones in this model (56) . Aspirin, at doses that inhibited gallbladder mucus secretion, prevented cholesterol crystals and gallstone formation in cholesterol-fed prairie dogs, despite comparable saturation indices of the gallbladder biles (56) . Given the same degree of cholesterol saturation in samples of both hepatic and gallbladder biles, the formation of cholesterol liquid and solid crystals was determined by the presence of gallbladder mucus gel. On the basis of our results, we hypothesize that gallbladder mucus acts as a specific nucleating agent in the formation of cholesterol gallstones. If this hypothesis is confirmed in man, it may be possible to prevent gallstones with pharmacologic agents that inhibit mucus secretion by the gallbladder.
